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chronological framework (established by 210Pb, 137Cs 
and 14C dating) provides a detailed environmental 
reconstruction for the past ~ 500 years. Abrupt changes 
in the fossil diatom assemblages indicate a high sensi-
tivity of this small lake to past environmental change 
and allow identifying four major stages related to the 
main climate fluctuations of the Little Ice Age (LIA) 

Abstract  The multi-proxy study of sediment cores 
from Lake Isoba (43° 02′ N, 5° 18′ W; 1400 m a.s.l.) 
allows a detailed assessment of the past hydrologi-
cal and environmental dynamics in north-western 
Iberia resulting from the interplay between climate 
variability and anthropogenic impact. The combina-
tion of diatom stratigraphy, sedimentology and high-
resolution elemental geochemistry along with a robust 
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and recent warming. High lake levels, enhanced run-
off and higher productivity characterised the middle 
phase of the LIA (~ 1550 to 1630 CE), indicating an 
overall wet climate. Conversely, shallow lake levels, 
decreased runoff and relatively low productivity pre-
vailed during the last phase of the LIA and the onset 
of the Industrial Era (~ 1630 to  1925 CE), likely due 
to colder and drier conditions. High lake levels and 
higher carbonate input occurred after ~ 1925 CE until 
the 1980s  CE, when our data show an abrupt drop 
in lake levels probably caused by a regional negative 
rainfall anomaly related to climate warming during 
the past decades. Finally, since ~ 1997  CE a remark-
able and abrupt increase in the lake nutrient load and 
turbidity is detected, probably associated with the 
replacement of transhumant sheep flocks with staying 
cattle. The main environmental changes reconstructed 
at Lake Isoba mostly agree with other palaeoclimatic 
records from northern Spain. However, the hydro-
logical patterns reconstructed are opposed to those 
observed on the northern slopes of the Cantabrian 
Mountains. The recent and strong impact of land-use 
changes on the lake, causing more ecological disrup-
tions than previous climate changes, is noteworthy and 
demonstrates the high sensitivity of mountain lakes to 
human activities in a global change context.

Keywords  Lake sediments · Late Holocene · 
Climate change · Transhumance · Eutrophication

Introduction

Mountain lakes are highly sensitive and vulnerable to 
environmental changes. Disturbances slightly exceed-
ing the natural range of variability can cause dramatic 
hydrological shifts, which in turn may lead to com-
plex changes in the composition of their biological 
communities (Cohen 2003; Kuefner et al. 2020). Dia-
toms are the most abundant algae in lakes and feature 
highly specific ecological requirements even at spe-
cies level, particularly concerning hydrochemistry 
and habitat (Stoermer and Smol 1999). Thus, changes 
in the hydrological conditions of mountain lakes 
occurring on annual to decadal timescales have criti-
cal effects on their diatom communities. In summary, 
diatoms’ ubiquity and good preservation in lacus-
trine environments, their high speciation rate and 
rapid response make them excellent sentinels of both 

natural and human-driven environmental changes 
(Stoermer and Smol 1999; Cohen 2003).

The Cantabrian Mountains (NW Spain; Fig.  1a, 
b) constitute an ideally suited area for the study of 
recent environmental fluctuations. Their location 
on the boundary between the Atlantic and Mediter-
ranean biogeographic realms, and therefore in a cli-
matically transitional area between humid (north) 
and dry (south) summers, makes them highly sensi-
tive to climate change. Additionally, this area has a 
long history of human occupation and changing land 
use. During the last centuries, transhumant shepherd-
ing and cattle ranching played a prominent role in the 
regional economy, with mining activities and tourism 
increasing their importance more recently (Ezquerra 
et al. 2005). Despite the number of palaeolimnologi-
cal reconstructions using diatoms has increased sig-
nificantly over the last decades in the Iberian Pen-
insula (Catalán et  al. 2002; Vegas-Villarrúbia et  al. 
2013; Jambrina-Enríquez et al. 2014), very few stud-
ies have been carried out in the Cantabrian Mountains 
(López-Merino et al. 2011; Moreno et al. 2011). Con-
sequently, considerable gaps in our knowledge about 
the main drivers of recent environmental change in 
this area and their impact in lake systems persist.

In this paper, we investigate the responses of dia-
tom communities to recent climatic variability and 
anthropogenic disturbance based on the multi-proxy 
analysis (diatom stratigraphy, sedimentology and 
geochemistry) of sediment cores from Lake Isoba 
(‘Lago de Isoba’ in Spanish; named ‘Isoba’ onwards), 
a mountain lake located on the southern slopes of 
the Cantabrian Mountains (NW Spain; Fig.  1b). A 
robust chronology based on numerous radiometric 
dates (137Cs, 210Pb and 14C) allows a detailed and 
precise reconstruction of the environmental history 
of the region for the past ~ 500  years. Furthermore, 
this multi-proxy approach has allowed us to unravel 
recent hydrological changes in the region and assess 
their natural or anthropic forcing.

Study area

Isoba (43° 02′ N, 5° 18′ W; 1400 m a.s.l.) is a small 
permanent shallow lake (2.86  ha, 6  m maximum 
water depth) of glacio-karstic origin, located on the 
southern slopes of the western sector of the Canta-
brian Mountains (NW Iberian Peninsula) (Fig. 1a, b).
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The catchment lies on an intensely deformed Pal-
aeozoic stratigraphic series of the northernmost 
part of the Iberian Massif, in the Cantabrian Zone 
(Álvarez-Marrón et  al. 1988). In the drainage basin, 
bedrock mostly consists of black laminated lime-
mudstones from the Barcaliente Formation (Early 
Pennsylvanian), overlaid by Pleistocene-Holocene 
fluvio-glacial deposits (Álvarez-Marrón et  al. 1988). 
Isoba is a closed basin without any surface outlet and 
just minor temporary inlets streams. Sediment input 
is derived from the bedrock weathering and soil ero-
sion within the catchment, latter transported into the 
lake by surface run-off and snow melt.

Isoba shows a nearly circular basin (~ 170 m diam-
eter; Fig.  1c), which can be divided into two differ-
ent zones: an extensive shallow peripheral plat-
form (0–2 m water depth) and a deeper central area 
(2–6  m water depth). In the shallow platform two 
rings of macrophytic vegetation occur: the outer 
mainly consists of helophytes such as Carex rostrata 
Stokes, Glyceria fluitans (L.) Brown and Eleocharis 

uniglumis (Link) Schult., while the inner is dominated 
by Potamogeton natans L., mixed with Myriophyllum 
alterniflorum D.C., Groenlandia densa (L.) Fourr. 
and Chara vulgaris L. (Fernández-Aláez et al. 1987). 
Aquatic vegetation is not so dense in the deeper cen-
tral part of the lake. Lake water has a relatively low 
electrical conductivity (196 µS cm-1) and pH is about 
8.5.

The regional climate is Mediterranean-temperate 
cool and wet (Ortega Villazán and Morales Rodríguez 
2015). Mean annual precipitation at the Puerto de 
San Isidro pass (1520  m a.s.l.), ~ 5.7  km away from 
Isoba, is 1516  mm, while mean annual tempera-
ture is 5.8  °C. Seasonal changes in temperature are 
moderate, with winter (January) and summer (July 
and August) average temperatures of 0.1  °C, and 
12.7  °C, respectively (Ortega Villazán and Morales 
Rodríguez 2015). For several centuries, the area was 
subject to an intense use as summer pastures by mas-
sive transhumant flocks of merino sheep. This tradi-
tional land use has left a strong imprint in the current 

(a)
(b)

(c)

Fig. 1   a Location of the Cantabrian Mountains in the Iberian Peninsula. b Location of Lake Isoba and other significant palaeocli-
matic records mentioned in the text. c Geological map of the Lake Isoba catchment and surroundings
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Fig. 2   a Lithostratigraphic correlation of the Lake Isoba cores 
ISB18-1G, ISB18-3G, ISB18-SA, ISB18-A and ISB18-B. The 
depth scale corresponds to the depth of the master core. b Age-
depth model of the upper section of the Isoba sequence based 
on smoothing spline of 210Pb and 14C dates. c Detailed age-

depth relationship of the studied section, showing the location 
of the 210Pb dates and the 137Cs concentration profile. The line 
represents the interpolated interval between the 210Pb and the 
14C dates
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high-elevation vegetation of the Cantabrian Moun-
tains, largely consisting in grasslands, meadows and 
shrublands.

Materials and methods

Sampling and sedimentological analysis

In 2018, we retrieved three sediment cores (ISB18-
SA; 76 cm long, ISB18-A-1G; 75 cm long, ISB18-A-
3G; 71 cm long) from the deepest area of Lake Isoba 
(43° 02′ 44.8″ N, 5°, 18′ 52.9″ W), using a UWITEC 
gravity corer operated from a floating platform. Two 
additional long cores (ISB18-A and ISB18-B) were 
also recovered using a modified Livingstone pis-
ton corer. Cores ISB18-SA, ISB18-A and ISB18-B 
were split lengthwise, photographed, and correlated 
according to their lithostratigraphy to produce a 
composite master core (Fig. 2a). In the field, we sub-
sampled in situ the core ISB18-A-1G into 1cm thick 
slices for 210Pb and 137Cs dating. During subsampling, 
we annotated the location of any distinct lithostrati-
graphic layer in ISB18-A-1G enabling its latter corre-
lation with the composite master core. Diatom analy-
ses were carried out in the uppermost 60 cm of core 
ISB18-SA, whereas geochemical and compositional 
analyses were performed on core ISB18-A-3G. Sedi-
mentary facies were defined by visual macroscopic 
description and microscopic observation of smear 
slides following Schnurrenberger et al. (2003).

The chronology of the sequence is based on 137Cs 
and 210Pb dating of the core ISB18-A-1G by gamma 
ray spectrometry, along with three Accelerator Mass 
Spectrometry (AMS) 14C dates on terrestrial plant 
macrofossils from the master core ISB18. Lead-
210 dates were determined using the Constant Rate 
of Supply model (Appleby 2001). The radiocarbon 
dates  were converted into calendar years using the 
INTCAL20 calibration curve (Reimer et  al. 2020). 
An age-depth model for the studied section of the 
ISB18 sequence was constructed using a smoothing 
spline (95% confidence interval, 10,000 iterations, 
and smooth = 0.4) between the 210Pb and 14C dates 
using the package ‘clam’ version 4.0.3 (Blaauw et al. 
2020) running in R environment.

Diatom analysis

A total of sixteen sediment samples were extracted 
from ISB18-A core at  2–6-cm intervals and subse-
quently treated using 30% H2O2 and 10% HCl fol-
lowing Renberg (1990). The resultant suspension 
was mounted in Naphrax (®, refractive index = 1.74). 
At least 300 diatom valves per sample were counted 
on random transects (Battarbee et  al. 2001). Valve 
concentrations per gram of dry sediment were calcu-
lated after adding a known amount of divinylbenzene 
microspheres (Battarbee 1986). Diatom valves iden-
tification mainly followed Krammer and Lange-Ber-
talot (1986, 1991), Lange-Bertalot (2000, 2005) and 
latter taxonomic updates in AlgaeBase (Guiry and 
Guiry 2020). The interpretation of the fossil diatom 
assemblages was based on the modern environmen-
tal requirements of the main taxa as detailed in Van 
Dam et  al. (1994), Reynolds (2006) and Niyatbekov 
and Barinova (2018). Diatom results were expressed 
as percentages of the total number of valves counted 
in each sample. Planktonic/benthic (P/B) ratios also  
calculated. We delimited different Diatom Zones 
(’DZ’) according to changes in the species and abun-
dances shown in the assemblages. We also conducted 
a Correspondence Analysis (CA) on the diatom raw 
percentage data to assess relationships between spe-
cies and samples using the package ‘FactoMineR’ 
version 2.4 in R. A Detrended Correspondence Anal-
ysis (DCA) was performed using the software PAST 
in order to validate CA consistency.

Geochemical and compositional analyses

Core ISB18-A-3G was measured at 2-mm resolu-
tion for major, light elements using an AVAAT-
ECH X-Ray Fluorescence (XRF) core scanner 
(Universitat de Barcelona) with a 30-s count time 
at 10 kV (Si, Al, K, Ti, Ca, Mn and Fe) and 30 kV 
(Rb, Zr and Sr) X-ray voltage. The Si/Ti, Ca/Ti and 
(Zr + Rb)/Sr ratio were also calculated. Results for 
each element were expressed as counts per second. 
A Pearson correlation coefficient matrix between 
the elements was constructed using R. Addition-
ally, samples were taken every 2  cm, freeze-dried 
and mechanically homogenised using an agate 



218	 J Paleolimnol (2023) 69:213–230

1 3
Vol:. (1234567890)

mortar to measure total organic carbon (TOC) and 
total nitrogen (TN). These analyses were carried 
using a LECO CNS 928 analyser with previous acid 

digestion. Principal Component Analysis (PCA) and 
diagrams of geochemical-compositional raw data 
were carried out with the package ‘FactoMineR’ 
version 2.4 in R and Sigmaplot 11.0, respectively.

Table 1   210Pb and 14C dates of the Lake Isoba (Cantabrian Range, Spain) sedimentary record

CI Confidence interval
a The ages reported correspond to the mid-depth of the analysed interval
b IntCal20 (Reimer et al 2020), ‘clam’ (Blaauw et al 2020)

Sample 
depth (cm)

Laboratory 
code

Material Total 210Pb 
activity (pCi 
g–1)

Unsup. 210Pb 
activity (pCi 
g–1)

Age (CE)a Radiocar-
bon age
(yr BP)

Calibrated 
age
(CE), 95% 
CIb

Calibrated
(CE), 
median

0–1 ISB 0–1 Dry sedi-
ment

20.963 ± 0.428 19.764 ± 0.429 2018 ± 0.65

6–7 ISB 6–7 23.829 ± 0.393 22.630 ± 0.394 2014 ± 0.65
12–13 ISB 12–13 24.255 ± 0.407 23.056 ± 0.409 2004 ± 0.76
15–16 ISB 15–16 22.512 ± 0.511 21.313 ± 0.512 1997 ± 0.85
18–19 ISB 18–19 22.595 ± 0.388 21.396 ± 0.389 1988 ± 1.08
20–21 ISB 20–21 21.452 ± 0.419 20.253 ± 0.421 1979 ± 1.34
22–23 ISB 22–23 16.595 ± 0.382 15.396 ± 0.383 1969 ± 1.57
24–25 ISB 24–25 11.43 ± 0.396 10.231 ± 0.398 1958 ± 1.55
26–27 ISB 26–27 7.711 ± 0.18 6.512 ± 0.183 1947 ± 1.44
27–28 ISB 27–28 7.202 ± 0.159 6.003 ± 0.163 1941 ± 1.69
28–29 ISB 28–29 7.398 ± 0.165 6.199 ± 0.168 1935 ± 2.07
30–31 ISB 30–31 5.056 ± 0.205 3.857 ± 0.208 1919 ± 1.8
31–32 ISB 31–32 4.186 ± 0.116 2.987 ± 0.121 1910 ± 2.32
32–33 ISB 32–33 3.804 ± 0.097 2.605 ± 0.103 1900 ± 3.14
34–35 ISB 34–35 2.734 ± 0.092 1.535 ± 0.098 1878 ± 3.66
35–36 ISB 35–36 2.295 ± 0.07 1.097 ± 0.078 1865 ± 5.54
36–37 ISB 36–37 1.764 ± 0.041 0.565 ± 0.053 1851 ± 8.41
38–39 ISB 38–39 1.456 ± 0.031 0.257 ± 0.046 1825 ± 15.22
56–58 BE-18222 Cytisus 

oromedi-
terraneus 
twigs

350 ± 20 1524–1638 1583

105–111 BE-17841 Betula seed, 
bud scales 
indet., 
bark, 
deciduous 
leaf frag-
ments

820 ± 65 1027–1252 1175

148–151 BE-17842 Pinus bud 
scale, 
conifer 
periderm, 
twig

1620 ± 40 406–562 477
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Results

Chronology

Total and unsupported 210Pb activity values are quite 
constant in the uppermost ~ 20  cm and then expe-
rience an abrupt decrease further down (Table  1). 
Unsupported 210Pb activity shows an overall decrease 
from the surface sample to 38.5  cm depth (from 
19.764 ± 0.429 to 0.257 ± 0.046 pCi g−1; Table  1). 
Thus, the chronology of the 210Pb-dated section (top-
most 39  cm), is well constrained and suggests an 
age of 1825 CE at 38.5  cm depth (Fig.  2, Table  1). 
The 137Cs profile corroborates the 210Pb chronol-
ogy, since the 137Cs peak corresponding to 1963 CE 
(23–24.5-cm depth) is bracketed by 210Pb dates (1959 
CE at 24.5  cm and 1967 CE at 23  cm; Fig.  2b, c). 
The age-depth model including the 210Pb and the 14C 
dates (Table 1) dates the base of the studied section 
of the Isoba sedimentary sequence (65.5-cm depth) 
at ~ 1500 CE (Fig. 2a). The sedimentation rate shows 
an upcore increasing trend, ranging from 0.071 to 
0.125 cm y−1 in the lower part (65.5–30 cm), increas-
ing to 0.25 cm y−1 in the intermediate part, and reach-
ing 1 cm y−1 values at the top (20–0 cm).

Sedimentology

The Isoba sedimentary sequence is quite homogenous, 
mainly composed of organic-rich silts, but changes 

in sediment colour and texture allows distinguishing 
several units. The uppermost 65.5 cm of the sequence 
consist of black massive organic-rich silts (28–0 cm, 
35–31.5  cm), light-brownish organic-rich silts with 
carbonates (31.5–28  cm), banded, dark and light 
brown, organic-rich silts with carbonates (55–35 cm), 
banded, dark brown, organic-rich silts with carbonates 
(65.5–55 cm) (Fig. 2a). The lower part, from 65.5 to 
35  cm, feature slightly higher carbonate content and 
less organic matter than the uppermost section above 
35 cm. Organic matter occurs, mainly, as amorphous 
aggregates with no distinguishable structure. The min-
eral fraction is composed of abundant subhedral-anhe-
dral calcite crystals (5–15 µm), less abundant euhedral 
calcite crystals of smaller size (< 5 µm) and frequent 
quartz grains (5–15  µm), nearly rounded and with 
wavy extinction. Pyrite framboids are also present at 
lower abundances.

Diatom stratigraphy

In total, we identified 39 diatom taxa (correspond-
ing to 17 families and 25 genera), but only 29 taxa 
reached > 1% in more than one sample (Fig. 3). The 
most remarkable features of the diatom stratigraphy 
are the alkaliphilic nature of most taxa, the overall 
dominance of benthic diatoms in terms of diversity, 
and the abrupt changes in the composition of the dia-
tom assemblages. Four different DZs were delimited 
(Fig. 3):

Fig. 3   Stratigraphic diagram showing changes in the relative 
abundances (%) of selected diatom taxa (> 1%) from the Isoba 
record, the P/B Ratio (Planktic-to-Benthic ratio), Valve con-

centrations (107 valves g−1 dry sediment), Diatom Zones (DZ) 
and CONISS dendrogram
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Diatom Zone 1 (DZ1; 60–53  cm, ~ 1550–1630 
CE): absolute diatom concentration is medium–high, 
varying from 5.6 107 to 1.3 107 valves g−1. Cyclotella 
ocellata Pantocsek is the dominant taxon with a rela-
tive abundance > 90% in the basal zone, decreasing to 
43.5% at the top. On the contrary, benthic taxa such 
as Cocconeis placentula Ehrenberg, Navicula cryp-
totenella Lange-Bertalot, Navicula radiosa Kützing, 
Achnanthes sp. and Encyonopsis subminuta Kram-
mer and Reichardt increase their relative abundances 
upwards. The planktonic/benthic (P/B) ratio shows a 
major decrease from 12 to 0.8.

Diatom Zone 2 (DZ2; 53–30  cm, ~ 1630–1925 
CE): valve concentration is very low at the bottom 
(2 106 valves g−1) and increases at the top to 4.7 107 
valves g−1. Assemblages change markedly with the 
dominance, in terms of abundance and diversity, of 
benthic taxa and the nearly disappearance of C. ocel-
lata. Principal species are N. radiosa (4.3–26.7%), 
Staurosirella pinnata (Ehrenberg) Williams and 
Round (4–20.2%), N. cryptotenella (1.5–17%) and 
Achnanthes sp. (0–15.8%). Other important species, 
but with lower abundances, are Achnanthidium cf. 
lineare Smith, Brachysira cf. neglectissima Lange-
Bertalot, Pseudostaurosira brevistriata (Grunow) 
Williams and Round, C. placentula, Pseudostaurosira 
elliptica (Schumann) Edlund, Morales and Spaulding. 
P/B ratio drastically descends to values < 0.2, due to 
the increase in pennate benthic taxa.

Diatom Zone 3 (DZ3; 30–19 cm, 1925–1986 CE): 
valve concentrations decrease towards the top (to 6.7 
106 valves g−1). In compositional terms, planktonic 
taxa substantially increase at the expense of previ-
ously dominant benthic taxa, thus resembling DZ1. 
Cyclotella ocellata increases its relative abundance 
toward the top to 51% (average), whilst the abun-
dances of the tychoplanktonic Fragilaria mesolepta 
Rabenhorst and the planktonic Punticulata radiosa 
(Grunow) Håkansson increase from bottom to top. 
Conversely, most benthic taxa such as N. radiosa, 
E. subminuta, Cymbella lange-bertalotii Krammer 
and A. cf. lineare decrease, while N. cryptotenella 
increase. P/B ratio increases upwards to values > 1.

Diatom zone 4 (19–0  cm; 1986–2018 CE): subzone 
4.1 (19–15.5 cm; 1986–1997 CE): absolute concentration 
increases to 3.3 107 valves g−1. Benthic taxa were dominant 
in terms of abundance and diversity (P/B = 0.05), like in 
DZ2. This sole assemblage is dominated by E. subminuta 
(34%) and N. cryptotenella (24%). Other secondary taxa 

are N. radiosa, A. cf. lineare, P. radiosa, B. cf. neglectis-
sima, Achnanthes sp. and C. placentula.

Subzone 4.2 (15.5–0  cm; 1997–2018 CE): this 
uppermost subzone is markedly different from the 
lower ones. Valve concentration increases upwards 
from bottom to 3.5–4.5 cm depth, reaching maximum 
values (8.82 107 valves g−1). Puncticulata radiosa is 
the dominant taxon, with relative abundances rang-
ing from 39, to 86.4%. Likewise, Staurosira constru-
ens Ehrenberg reappears and rises up to 8.53%. Ben-
thic taxa have a complex behaviour: certain species 
like N. radiosa, N. cryptotenella and E. subminuta 
decrease, whilst P. brevistriata and S. pinnata display 
the opposite tendency. At 3.5–4.5-cm depth, P. radi-
osa reaches its maximum abundance coinciding with 
maximum concentration and high P/B values (8.14). 
From this depth up, the abundances of P. radiosa and 
the P/B ratio slightly decrease, while abundances of 
fragilaroid taxa such as P. brevistriata, S. pinnata and 
Fragilaria cf. gracilis Østrup alongside the periphytic 
and epiphytic taxon Sellaphora pseudoventralis (Hus-
tedt) Chudaev & Gololobova increase.

Statistical analyses

The first two axes of the CA explain more than 62% 
of the total variance in the Isoba diatom dataset 
(Fig.  4a). The first axis accounts for 37.5%, while 
the second one explains 25% of the total variance. 
The ordination plot allows differentiating three 
groups associating diatom taxa and samples. Group 
1 includes four taxa: C. ocellata, Achnanthidium 
sp., Gomphonema truncatum Ehrenberg and F. 
mesolepta, and assemblages from the basal and the 
middle parts of the sequence. Group 2 comprises 
a large number of species like N. cryptotenella, E. 
subminuta, N. radiosa, S. pinnata and P. elliptica, 
and assemblages from different depths. Finally, 
Group 3 includes few species (P. radiosa, S. pseu-
doventralis, F. cf. gracilis, P. brevistriata and S. 
construens), and the most recent assemblages. The 
first axis is mainly controlled on its negative side 
by P. radiosa, whereas on its positive side by C. 
ocellata. The second axis is controlled on its posi-
tive side by a major group of benthic taxa (includ-
ing C. lange-bertalotii and Navicula spp.), and 
on its negative one by P. radiosa and C. ocellata. 
DCA results are mainly explained by the first two 
axes, which together account more than 85% of 
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the total variance. The same three groups can be 
differentiated and, therefore, DCA results largely 
agree with those of the CA and thus support the 
robustness of such analysis (Fig.  4a, b). Similar 

sample and species distribution in CA and DCA 
suggests that the arch effect has not distorted our 
results. Statistical proximities between DZ1 and 
DZ3 and between DZ2 and DZ4.1 likely indicate 
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Fig. 4   a Correspondence Analysis (CA; Axis 1 explains 
37.5% of the variance, while Axis 2 explains 25% of the vari-
ance) and b Detrended Correspondence Analysis (DCA; Axis 
1 explains 68.7% of the variance, while Axis 2 explains 16.3% 

of the variance) biplots on the Lake Isoba diatom dataset. The 
numbers within the biplots represent the mid-point depths of 
the samples: DZ1 (60, 56), DZ2 (50, 46, 42, 38, 32), DZ3 (28, 
26, 22), DZ4.1 (18), DZ4.2 (14, 12, 8, 4, 2)
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similar environmental conditions governing these 
diatom assemblages, while the distinctiveness of 
the uppermost DZ4.2 (15.5–0 cm, 1997–2018 CE) 
indicates an abrupt turning point of ecological 
parameters occurring in a very short time.

Geochemical and compositional proxies

Two main groups of elements can be identified 
according to their downcore profiles (Fig.  5). On 
the one hand, Si, Al, K, Zr, Rb, Ti, Sr and Fe show 

overall decreasing trends from the bottom of the 
sequence until ~ 50-cm depth and then maintain rel-
atively stable values towards the top. Contrarily, Ca 
and S display variable values until ~ 39-cm depth, 
and finally increase their concentrations. The first 
two axes of the PCA carried out on the elemental 
geochemistry dataset explain 77.8% of the total var-
iance (Axis 1: 55.4%, Axis 2: 22.4%; Fig.  6). The 
PCA shows a first group of elements including Ti, 
Fe, Sr, K, Rb, Al, Zr and Si, which show high posi-
tive loads along the axis 1 and are highly positively 

Fig. 5   Major chemical elements, PCA1 and PCA2 sample scores, selected geochemical ratios and TOC (%), TN (%) and TOC/TN 
profiles of Isoba

Fig. 6   a Principal Compo-
nent Analysis (PCA; Axis 1 
explains 55.4% of the vari-
ance, while Axis 2 explains 
22.4% of the variance) and 
b Matrix Correlation of 
major elements of the Isoba 
record
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correlated among them (Fig.  6), probably because 
of their presence in the silicate minerals fraction. A 
second group is represented by Ca, Mn and S, with 
high loads along the axis 2 and thus barely corre-
lated with the previous elements, and are generally 
present in carbonatic fraction and organic matter. 
The first axis (PCA1) shows a slightly decreasing 
trend from DZ1 (maximum of 7.2) to DZ4.2 (− 0.5 
to 0; Fig.  5). The second axis (PCA2) decreases 
from DZ1 to DZ2 (minimum of − 3.8 at 47-cm 
depth), to then increase upwards, reaching a maxi-
mum value of 2.8 in DZ4.2 (Fig.  5). Regarding to 
geochemical ratios, Si/Ti, increases from bottom 
to top, particularly from the base of DZ4.2 (~ 1997 
CE), coinciding with P. radiosa peak abundance 
and maximum absolute concentrations of diatom 
valves. Ca/Ti ratio displays a similar spectrum to 
Si/Ti, except for a small positive peak at ~ 58  cm 
depth in DZ1, increasing particularly in the upper-
most 15  cm, coinciding with DZ4.2 (~ 1997 CE). 
(Zr + Rb)/Sr ratio presents a decreasing trend 

towards the top, particularly at the beginning of 
DZ4.2.

The organic matter content is variable but rela-
tively high throughout the record (Fig.  5). TOC 
shows increasing values from DZ1 to DZ4.1 
(from ~ 15 to > 20%), with a remarkable further 
increase (to ~ 25%) at the beginning of DZ4.2 
(~ 1997 CE). The TN curve largely runs parallel to 
the TOC. There is a marked decrease in the atomic 
ratio TOC/TN (from ~ 15 to ~ 11) in the DZ4.2 
(~ 1997–2018 CE).

Discussion

The diatom, geochemical and sedimentological data 
from the Isoba sequence provide a robust multi-
proxy palaeoenvironmental reconstruction for the 
past ~ 500 years on the southern slopes of the Can-
tabrian Mountains (Fig. 7).

Fig. 7   Abundances of the main groups of diatoms (Planktonic, 
Fragilaroid, Benthic, periphytic and epiphytic taxa; %), Valve 
concentrations, Diatom Zones (DZ), PCA axis 1 (PCA1) and 
axis 2 (PCA2) sample scores of the geochemical record, TOC 
(%), Environmental conditions inferred for Lake Isoba, Pre-

cipitation and Maximum Temperature in Lake Enol (López-
Merino et  al. 2011), Air temperature (Martín-Chivelet et  al. 
2011), Solar Irradiance (Steinhilber et al. 2009) and historical 
information of transhumance
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The Little Ice Age and the onset of the Industrial Era 
(~ 1550 to 1925 CE)

The high abundance of the planktonic C. ocellata 
during DZ1 and the variable presence of benthic peri-
phytic and epiphytic taxa (such as C. placentula, N. 
radiosa and N. cryptotenella) suggest predominant 
warm-wet summers conditions and variable mac-
rophyte coverage at ~ 1550 to 1630 CE (Smol et  al. 
1991; Catalán et al. 2002). Likewise, lake levels were 
probably high in general, yet featured oscillations. 
Also, stable conditions in terms of windiness can-
not be excluded (Reavie et  al. 2016). The results of 
ordination analyses also support the occurrence of 
notable lake-level fluctuations, considering the dis-
tance between the major group of benthic diatoms 
and the planktonic taxa. Seasonal blooms of C. ocel-
lata, favoured by warm water temperatures (> 10 °C 
to thrive) (Stoermer and Ladewski 1976) and pos-
sibly high phosphorous concentrations in the water 
column (Rojo et al. 1999), might explain the medium 
to high diatom valve productivity (concentration) 
scores recorded. The results of the ordination analy-
ses indicate that water transparency-turbidity and 
nutrient load may have experienced significant vari-
ability during the past few centuries, given that the 
only two planktonic taxa at Isoba, C. ocellata and P. 
radiosa, are located on opposed extremes along the 
axis 1. Cyclotella ocellata is usually found in clear 
waters, whereas P. radiosa is associated with more 
turbid environments and productive waters (Rimet 
et  al. 2009; Naeher et  al. 2012). In this period, the 
great abundance of C. ocellata together with the sec-
ondary presence of G. truncatum, A. cf. lineare. N. 
radiosa, Sellaphora laevissima (Kützing) Mann and 
Cymbopleura cf. inaequalis (Ehrenberg) Krammer 
point to variable nutrient loads, which is consistent 
with the absolute valve concentrations and variable 
organic matter content. Besides, PCA1, PCA2 and 
the (Zr + Rb)/Sr ratio (all indicative of siliciclastic vs. 
carbonatic input) point to relatively high siliciclas-
tic and carbonate inputs between ~ 1550 to 1630 CE 
probably associated with higher surface runoff under 
relatively moister climatic conditions.

The significant changes observed in the diatom 
assemblages during the period ~ 1630 to 1925 CE can 
be related to hydrological changes. In DZ2, periphytic 
and epiphytic taxa (like Navicula radiosa, S. laevis-
sima, S. pupula or N. cryptotenella) are dominant over 

planktonic species indicating  greater macrophyte 
development than during DZ1. Further, the low abun-
dances of planktonic and the abundance of benthic 
taxa indicate relatively low lake levels between ~ 1630 
and 1925 CE. The maximum abundances of small 
fragilaroids (S. pinnata, P. brevistriata) that are com-
mon in Arctic systems (Rühland and Smol 2002) sug-
gest the occurrence of prolonged periods of ice cover. 
The proliferation of these taxa has been recorded in 
shallow lakes at high elevation under cold conditions 
(Karst-Riddoch et  al. 2009), generally with oligo-
trophic and turbid waters (Rühland and Smol 2002; 
Rühland et al. 2015). Although, the occurrence of S. 
pinnata has been linked to shallow and turbid envi-
ronments with important minerogenic inputs (Hall 
et  al. 2003), the relatively low PCA1 values in the 
geochemistry dataset indicate that siliciclastic input 
was only moderate during this period. Therefore, 
from the diatom assemblages we can infer shallower 
lake levels under colder conditions. The shallow lake 
would have been more exposed to wind, which would 
in turn have increased water turbidity.

The slight increase of periphytic and epilithic taxa 
suggest an expansion of lacustrine nearshore environ-
ments, which occurs in lakes with certain basin mor-
phology when lower water level decreases (Morellón 
et  al. 2011). Diatom-inferred predominantly lower 
water levels between ~ 1630 and 1925 CE correlate 
with lower siliciclastic input. Taken together, our 
data indicate relatively dry climatic conditions with 
reduced surface runoff and therefore limited silici-
clastic input.

In the Iberian Peninsula, the Little Ice Age (LIA; 
1300–1850 CE) was characterised by general tem-
perature decreases and substantial hydrological 
variability, whose environmental effects are broadly 
recorded in mountain lakes (Morellón et  al. 2011, 
2012; López-Merino et  al. 2011; Roberts et  al. 
2012). Considering the ages estimated for the bot-
tom section of the studied record, DZ1 (~ 1550 to 
1630 CE) and DZ2 (~ 1630 to 1925 CE) match the 
middle and late periods of the LIA and the onset of 
the Industrial Era. Palaeoclimatic records from gla-
cial, lake and peat deposits and speleothems reveal 
an overall cold and wet climatic context in the Can-
tabrian Mountains during late sixteenth and early 
seventeenth centuries CE, with particularly cold 
spells intercalated (Oliva et  al. 2018), coinciding 
with records from Sierra Nevada, the Pyrenees and 
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the Iberian Central Range (Morellón et  al. 2012; 
Oliva et al. 2018) as well as elsewhere in the Medi-
terranean realm and Europe (Calò et al. 2013). Late 
sixteenth and early seventeenth centuries CE in NW 
Iberian Peninsula (Chao de Veiga Mol raised bog) 
were described as mainly wet and cold but with 
several dry episodes (Castro et al. 2020). However, 
according to the multi-proxy evidence presented 
here, the ~ 1550 to 1630 CE period is characterised 
by relatively wet, and not particularly cold condi-
tions. This period therefore possibly coincides with 
one of the warmer events that punctuated the gen-
erally cold LIA in northern Spain (Martín-Chivelet 
et al 2011). The inferred high lake levels were prob-
ably promoted by higher rainfall. In the Pyrenees, 
most studied lakes also indicated a prevalence of 
relatively humid conditions at that time (Morellón 
et al. 2012).

The Isoba record indicated that lower water levels, 
siliciclastic input and primary productivity, as well 
as high turbidity prevailed between ~ 1630–1925 CE. 
These changes probably occurred in response to a shift 
towards colder and drier conditions, likely connected 
to variability in solar irradiance (Crowley 2000; Stein-
hilber et al. 2009). High water turbidity reconstructed 
at Isoba is also synchronous with extreme and pro-
longed droughts and storms recorded in Iberia (Bar-
riendos 1997). The intensification of extreme events 
could be related with strong alterations in wind pat-
terns, favouring turbidity in the context of shallow 
lake levels. Cold temperatures during the last dec-
ades of the LIA have also been recorded in Lake Enol 
(Fig. 1; López-Merino et al. 2011). Nevertheless, the 
high abundances of plankton recorded in Lake Enol 
(López-Merino et  al. 2011) contrast with the near 
absence of plankton and the dominance of periphytic 
and  epiphytic taxa and small fragilaroids in Isoba 
at ~ 1630–1925 CE. The location of Isoba on the drier 
southern slopes of the Cantabrian Mountains might be 
responsible for the shallower conditions. Palaeoenvi-
ronmental reconstructions and documentary records 
from NW Iberia also indicate a clear tendency towards 
colder and drier conditions during the late seventeenth 
and early eighteenth centuries CE (Fernández Cortizo 
2016; Castro et  al. 2020). Furthermore, temperature 
inferences from Isoba agree with previous reconstruc-
tions from the Cantabrian Mountains (speleothems; 
Martín-Chivelet et  al. 2011) and the Pyrenees (tree 
rings; Dorado Liñán et al. 2012).

The Industrial Era (1925 CE–present day)

The reappearance and abrupt rise of C. ocellata in 
DZ3 (1925–1986 CE), still sharing the lake with a 
diverse periphytic and epiphytic assemblage indicates 
a major shift in the hydrological conditions of Isoba 
towards relatively higher water levels and warmer 
conditions. Higher abundances of this taxon were also 
recorded in Lake Enol during the period 1880–1960 
CE, coinciding with an increase in precipitation of 
16.9  mm/decade (López-Merino et  al. 2011). At 
Isoba, this period is also characterised by higher car-
bonate content (Fig. 5), whose origin could have been 
either from detrital input associated to erosion in the 
catchment (mostly on calcareous bedrock; Fig. 1c) or 
precipitation of endogenic carbonates, favoured by 
warmer conditions, as often recorded in lake basins 
(Wetzel 2001).

A warming trend starting at the end of the LIA 
at ~ 1850 CE has been reconstructed in other areas of 
the Cantabrian Mountains from speleothem and lake 
records (López-Merino et  al. 2011; Martín-Chivelet 
et al. 2011) and elsewhere in the Mediterranean (Calò 
et  al. 2013). Cantabrian glaciers also shrank quickly 
until their complete disappearance during the first half 
of the twentieth century CE, coinciding with a con-
siderable reduction of other Iberian glaciers (Oliva 
et al. 2018; Serrano et al. 2018). Nutrient and organic 
matter content inferred from diatom assemblages’ 
composition and productivity in Isoba together with 
a slight increase in TOC and TN, probably reflect 
an increase in the nutrient load. Since the thirteenth 
century CE, the lake catchment and its surroundings 
were used for grazing by long-distance transhumant 
flocks of merino sheep (Ezquerra and Rey 2011), a 
widespread activity in the Cantabrian Mountains, 
particularly on south-facing areas like Isoba (Rod-
ríguez 2001; Carracedo 2018). In fact, Isoba is 
located inside an ancient pasture plot named “Peña” 
(245  ha), traditionally rented by transhumant shep-
herds for summer grazing until 2010 CE, when tran-
shumant flocks were substituted by local cattle (Rod-
ríguez 2001; Ezquerra and Rey 2011). Consequently, 
the peak in primary productivity at the base of DZ3, 
indicated by absolute valve concentrations and the 
slight increase in TOC, might have been related to the 
impact of livestock around Isoba, favoured by shorter 
seasonal snow cover due to warmer conditions in the 
region associated with the end of the LIA.
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Diatom assemblages changed abruptly in DZ4.1 
(1986–1997 CE) towards a clear dominance of ben-
thic, periphytic and epiphytic taxa, suggesting an 
extensive macrophyte cover. Valve concentration 
values suggest moderate primary productivity. This 
shift can be attributed to relatively lower lake lev-
els resulting from a regional decrease in precipita-
tion over the Cantabrian Mountains. According to 
the instrumental record from the northern slope of 
these mountains, a negative anomaly in precipita-
tion has occurred since 1976 CE synchronous with 
a rise of 0.29 °C/decade in maximum temperatures 
(López-Merino et  al. 2011). A similar increase 
was also recorded in a speleothem record from the 
southern Cantabrian Mountains (Martín-Chivelet 
et al. 2011). Therefore, increased productivity from 
low (in DZ3) to medium levels (in DZ4.1) can be 
a response to warmer temperatures (López-Merino 
et al. 2011).

Finally, a noticeable change in diatom assemblages 
occurred in DZ4.2 (1997–2018 CE), indicative of a 
major shift in the ecological status during the past 
two decades. The persistence of numerous peri-
phytic and epiphytic taxa (like E. subminuta, N. cryp-
totenella and A. cf. lineare) indicate a well-developed 
macrophytic vegetation, but with different hydrologi-
cal characteristics, as suggested by Fernández-Aláez 
et  al. (1987). Most of the taxa are alkaliphilic (Van 
Dam et  al. 1994), pointing to high lake carbonate 
water content. High abundances of small fragilaroids 
(S. construens and P. brevistriata) alongside the clear 
dominance of P. radiosa reflect relatively high turbid-
ity in the water column along DZ4.2 (Kuefner et al. 
2020), coinciding with rising sedimentation rates, 
carbonate input and abrupt increase in organic matter 
since ~ 1997 CE (Fig. 5). Puncticulata radiosa mostly 
spreads during late summer and autumn under high 
nutrient concentration and turbulent regimes (Mora-
bito et  al. 2002; López-Merino et  al. 2011) and has 
been found in productive waters and low light con-
ditions in European mountain lakes (Rimet et  al. 
2009; López-Merino et al. 2011; Naeher et al. 2012). 
Increasing runoff and warmer conditions might have 
favoured a general rise in sediment input and organic 
matter. Despite the main process is the accumulation 
of organic matter (Fig.  5), more intense weathering 
and erosion of limestones from the lake catchment 
might contribute to explain the raise in the carbonate 
fraction (Wetzel 2001).

Higher nutrient input in Isoba during the period 
1997–2018 CE likely led to increasing diatom pro-
ductivity, as indicated by absolute valve concentra-
tions, Si/Ti (indicative of biogenic and detrital Si vs 
siliciclastic sediment fraction) and TOC/TN. The 
increase in Si/Ti in DZ4.2 does not match the lower 
siliciclastic input represented by PCA1, likely indi-
cating a predominantly biogenic source of Si related 
with higher primary productivity (Peinerud 2000). 
This would agree with the probable algal origin of 
the organic matter according to its microscopic char-
acteristics (Kelts 2003) and the marked decrease in 
the atomic ratio TOC/TN (Meyers and Lallier-Vergès 
1999). Nutrient enrichment has become a major 
stressor in mountain lakes, able to deteriorate their 
ecological status and disrupt natural dynamics. A lim-
nological survey carried out in Isoba in the late 1980s 
CE (Fernández-Aláez et al. 1987) evidenced a loss of 
oligotrophy, as inferred from macrophyte analysis but 
particularly from the presence of a large helophytic 
belt around the lake and the expansion of submerged 
vegetation. According to our chronology, this pro-
cess did not have a noticeably impact in the diatom 
communities of Isoba until 1997 CE and peaked after 
2010 CE.

Transhumant sheep grazing in the Canta-
brian Mountains declined significantly during the 
1990s–2000s CE (Ezquerra et  al. 2005; Ezquerra 
and Rey 2011). This traditional use remains in a few 
plots but around Isoba was definitely substituted by 
local cattle since ~ 2010 CE. The replacement of sum-
mer-grazing sheep flocks with staying cattle implied 
severe changes on water bodies. Transhumant merino 
sheep were constantly moving driven by shepherds 
throughout the lake catchment and its surroundings, 
while staying cattle is subject to almost no man-
agement and, besides, its presence longer. Exces-
sive water lapping in cattle can lead to formation of 
muddy bogs around water troughs (Moran and Doyle 
2015) and their more frequent access to water can sig-
nificantly increase turbidity in lakes by suspending 
fine sediments (Burt et al. 2013). Furthermore, their 
preferential behaviour to defecate in streams and lakes 
increases their organic and nutrient loads (Bond et al. 
2014). The impact of faecal pollution from cattle on 
diatom communities in lakes has also been reported, 
both in compositional and diversity terms (Burt et al. 
2013). In fact, the disruption of the trophic status 
has been found to be more significant in small lakes 
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with a reduced drainage area (Catalán et  al. 1993), 
as occurs at Isoba. Therefore, the increase in grazing 
by local cattle since 1997 CE—replacing completely 
the sheep transhumant flocks since 2010 CE—around 
Isoba, is likely to have caused the nutrient enrichment 
and turbidity increase leading to the abrupt change in 
diatom assemblages in recent times.

Conclusions

The multidisciplinary study of the sedimentary 
sequence from Lake Isoba, based on diatoms, high-
resolution elemental geochemistry, compositional 
proxies and sedimentology has allowed a precise 
reconstruction of the environmental and hydrologi-
cal history of the Cantabrian Mountains during the 
past ~ 500 years.

Diatom stratigraphy depicted abrupt changes 
largely controlled by the shallow character and local 
geological features of the lake. Four main periods 
characterised by different environmental conditions 
and driven by the interplay between climate fluctua-
tions and human activities have been reconstructed.

The middle period of the LIA (~ 1550 to 1630 
CE) is characterised by high lake levels, enhanced 
runoff and medium to high primary productivity, 
determined by wet conditions. Conversely, the last 
period of the LIA and the onset of the Industrial Era 
(~ 1630 to 1925 CE) is characterised by lower lake 
levels, decreasing clastic input, higher water turbid-
ity and low primary productivity, likely induced by 
an overall cold and dry climate, as reconstructed in 
other records from the Cantabrian Mountains. How-
ever, comparatively drier conditions with respect to 
other records of the Northern Cantabrian Mountains 
occurred in Isoba during this period likely because of 
its location in the southern slope. The Industrial Era 
in the twentieth century is reflected by higher lake 
levels and increasing sediment input, nutrients and 
organic matter caused by warmer temperatures and 
more humid conditions.

A regional decrease in precipitation after 1986 CE 
likely caused a shift towards the dominance of peri-
phytic and epiphytic diatom taxa in the context of 
lower lake levels. Finally, the period 1997–2018 CE 
was characterised by a strong anthropic impact driven 
by the introduction of local cattle at the expense of the 
traditional transhumant sheep flocks and determined a 

major hydrological and environmental shift marked 
by higher sediment input and water turbidity, and a 
drastic increase in primary productivity, organic mat-
ter and nutrients detected since 1997 CE, in the con-
text of substantial land use changes.

In summary, the recent sedimentary record from 
Lake Isoba demonstrates the high sensitivity of dia-
tom species and communities of mountain lakes to 
subtle climate changes. Additionally, this study has 
shown that diatom communities and species rapidly 
react to hydrological variations caused by local and 
global anthropogenic disturbances. The comprehen-
sive analysis and the understanding of the interplay 
between climate and human activities during past 
decades would help to manage and restore current 
anthropized and threatened mountain lakes.
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